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Abstract 
Recent studies have revealed interesting differences in upper first molar morphology across the hominin fossil record, particularly significant 
between H. sapiens and H. neanderthalensis. Usually these analyses have been performed by means of classic morphometric methods, including 
the measurement of relative cusp areas or the angles defined between cusps. Although these studies have provided valuable information for the 
morphological characterization of some hominin species, we believe that the analysis of this particular tooth could be more conclusive for tax­
onomic assignment. In this study, we have applied geometric morphometric methods to explore the morphological variability of the upper first 
molar (Ml) across the human fossil record. Our emphasis focuses on the study of the phenetic relationships among the European middle Pleis­
tocene populations (designated as H. heidelhergensis) with H. neanderthalensis and H. sapiens, but the inclusion of Australopithecus and early 
Homo specimens has helped us to assess the polarity of the observed traits. H. neanderthalensis presents a unique morphology characterized by 
a relatively distal displacement of the lingual cusps and protrusion in the external outline of a large and bulging hypocone. This morphology can 
be found in a less pronounced degree in the European early and middle Pleistocene populations, and reaches its maximum expression with the 
H. neanderthalensis lineage. In contrast, modern humans retain the primitive morphology with a square occlusal polygon associated with a round 
external outline. 
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Introduction 
Teeth are a valuable and durable source of infonnation for 
anthropological research based, on the one hand, on their 
abundance and excellent preservation in the fossil record 
(e.g., Butler, 1963; Larsen and Kelley, 1991). The scope of den­
tal anthropology ranges from ecological studies (e.g., Molnar, 
1971; Hillson, 1986; Lalueza and Perez-Perez, 1993; Perez­
Perez et aI., 2003; Lozano et al., 2004) to the characterization 
of species (e.g., Weidenreich, 1937; Le Gros Clark, 1950; 
Tobias, 1991) and the reconstruction of their relationships 
(e.g., Irish, 1997, 1998; Bailey, 2000, 2002; Irish and Gua­
telli-Steinberg, 2003). Moreover, teeth do not suffer remodella­
tion in response to environmental stresses as other skeletal parts 
do (Dahlberg, 1971; Larsen and Kelley, 1991; Thomason, 
1997), so once they are fOlmed, their morphology is only af­
fected by attrition or decay. Therefore, teeth are excellent and 
stable markers for affinity studies within and among popula­
tions (Turner, 1969) and, thus, for the study of human ancestors 
(Irish, 1993). Among other things, dental anthropology investi­
gates the taxonomic utility of teeth, searching for morphometric 
traits that may be useful in characterizing hominin groups. 
The origin of H. sapiens, our relationship with H. neander­
thalensis, and the identification of our last common ancestor is 
still an open debate (e.g., Benmidez de Castro et aI., 1997; Fo-
1ey and Labr, 1997; Labr and Fo1ey, 1998; Rightrnire, 1998; 
Stringer and Hub1in, 1999; Stringer, 2002). Thus, it is neces­
sary to search for morphological traits that establish the simi­
larities and differences among the groups under discussion. 
We contribute to this debate by comparing modem humans 
and Neanderta1s with the crucial inclusion of the large dental 
sample from Atapuerca-Sima de los Huesos site that are rep­
resentative of H. heidelbergensis and considered direct ances­
tors of H. neanderthalensis (Arsuaga et aI., 1997), and from 
the Atapuerca-TD6 sample, the only dental remains recovered, 
so far, from the European early Pleistocene (Bermudez de 
Castro et aI., 1997). In addition, we also include a large sample 
of teeth assigned to several species of the genera Australopi­
thecus and Homo in order to explore the polarity of the ob­
served morphologies. 
In dental anthropological studies, upper first molars (Ml) are 
potentially useful for taxonomic assignment of isolated human 
remains (e.g., Wood and Engleman, 1988; Tattersall and 
Schwartz, 1999; Bailey, 2004) and are even distinct among dif­
ferent modem human populations (Morris, 1986). Moreover, 
Ml morphology has been shown to be distinctive in H. nean­
derthalensis (Bailey, 2004). These conclusions usually come 
from personal observation and classic metric studies using 
linear measurements of the crown (l\1orris, 1986; Wood and 
Engleman, 1988), cusps angles (Morris, 1986; Bailey, 2004), 
relative cusp areas (Wood and Engleman, 1988; Bailey, 
2004), and occlusal polygon areas (defined by lines connecting 
cusp apices; Morris, 1986; Bailey, 2004). In addition, Ml dis­
plays the most stable morphology within the molar series (Scott 
and Turner, 1997), which undoubtedly makes it easier to iden­
tify homologous landmarks despite variation among species. 
The Arizona State University Dental Anthropology System 
(ASUDAS; Turner et aI., 1991) is one of the standards devel­
oped to assess modem human dental variability and it has been 
also applied to other fossil hominin species with moderate suc­
cess (e.g., Irish, 1997, 1998; Bailey, 2000, 2002; Irish and 
Guatelli-Steinberg, 2003). However, this system fails to cover 
the complete range of dental variation in the hominin fossil re­
cord (Bailey, 2002, 2004; Hlusko, 2004; Martin6n-Torres, 
2006), particularly in the case of the upper first molar. Futtber­
more, classic morphometrie studies have also revealed certain 
limitations for characterizing the dental variability of some 
populations (e.g., Goose, 1963; Hillson et aI., 2005; Stojanow­
ski, 2006), motivating the search for alternative methods with 
different degrees of success (Biggerstaff, 1969; Morris, 1986; 
Mayhall, 2000; Bailey, 2004; Hillson et aI., 2005; Stojanow­
ski, 2006). 
In relation to this matter, geometric morphometrie tech­
niques have been proven to be effective tools for measuring 
shape variation, allowing powerful statistical comparisons 
(Rohlf and Marcus, 1993). Therefore, their application to dental 
studies might advance our knowledge of dental morphological 
variability and its evolutionary significance. The possibility of 
finding apomorphic traits for characterizing paleospecies 
(Wolpoff, 1971; Bytnar et aI., 1994; Bailey, 2000, 2002, 2004; 
Bailey and Lynch, 2005) makes it worthwhile to explore alter­
native methodologies. In the dental field, geometric morpho­
metries overcomes some methodological difficulties related to 
absolute tooth orientation within the jaw and helps us to under­
stand outline shape variation with respect to biologically mean­
ingful structures, such as the spatial configuration of cusps, and 
their relationship to overall size (Martin6n-Torres et aI., 2006). 
The aim of our study is to evaluate the phenetic relation­
ships among European middle Pleistocene populations, H. ne­
anderthalensis and H. sapiens, exploring the differences in Ml 
morphology and among these species by means of geometric 
morphometrics. Previous studies lacked samples large enough 
to ascertain primitive versus derived nature of the Ml shape 
variation (Bailey, 2002, 2004). The inclusion of a sample of 
early Homo and Australopithecus in the comparison will 
help to determinate the polarity of the morphological variants 
and whether these differences have any utility in the taxo­
nomic assignment of specimens. 
Materials and methods 
Materials and photographic methods 
We performed a geometric morphometric analysis on a sam­
ple of 105 M1s from several hominin species with special 
emphasis on H. heidelbergensis, H. neanderthalensis andH. sa­
piens. The sample included (Table 1): Australopithecus ana­
mensis (n � 2), A. a/arensis (n � 6), A. a/ricanus (n � 10), 
Homo habilis sensu lata (n � 10), H. ergaster (n � 4), H. erec­
tus (n � 5), H. georgicus (n � 2), H. antecessor (n � 3), H. hei­
delbergensis (n � 16), H. neanderthalensis (n � 14), and H. 
sapiens (n � 32). 
The inclusion of Australopithecus and other Pliocene and 
Pleistocene Homo specimens in the comparison helped us to 
assess the phylogenetic significance of the observed differ­
ences. Australopithecus species were analyzed separately. 
For comparative purposes, specimens usually ascribed to H. 
habilis and H. rudolfensis, as well as some African Pliocene 
specimens without consensus in their taxonomieal assignment, 
were grouped as H. habilis sI The African specimens attrib­
uted by some authors to H. erectus sensu lata (Walker and 
Leakey, 1993) were analyzed as H. ergaster (Groves and Ma­
zat, 1975), leaving the denomination H. erectus (Dubois, 
1894) for the Asian specimens (Andrews, 1984; Stringer, 
1984; Wood, 1984). A Nottb African early middle Pleistocene 
specimen assigned to H. mauritanicus by Hublin (2001) was 
included in H. ergaster. We used the denomination H. georgi­
cus for the Dmanisi hominins (Gabunia et aI., 2002) and H. 
antecessor (Bermudez de Castro et aI., 1997) for the European 
early Pleistocene specimens from Atapuerca-TD6. Hominins 
from the European middle Pleistocene were grouped as H. hei­
delbergensis, and the H. neanderthalensis taxon comprised 
classic late Pleistocene European Neandertals. Finally, the 
H. sapiens sample included a medieval collection from the 
San Nicolas site (Murcia, Spain; Gonzalez, 1990) and speci­
mens from several European Upper Paleolithic sites. 
Table I 
List of the specimens included in this analysis 
Australopithecus anamensis (n = 2) 
Australopithecus afarensis (n = 6) 
Australopithecus africanus (n = 10) 
Homo habilis s.l. (n = 10) 
Homo georgicus (n = 2) 
Homo ergaster(n=4) 
Homo erectus (n = 5) 
Homo antecessor (n = 3) 
Homo heidelbergensis (n = 16) 
Homo neandertalensis (n= 14) 
Homo sapiens (n = 32) 
ER30200; ER31400 (casts) 
AL200; AL486; LH3H; LH6; LH17; LH21 (casts) 
MLD6; TM151I; STS1; STS8; STS21; STS52; STS56; STS57; STW151; STW183 (casts) 
SE255; ER808; ER1590; ER1813; OH6; OH13; 0H21; OH39, OH41; OH44 (casts) 
D2282; D2700 (originals) 
SK27; SKX268; WT15000; Rabat (casts) 
Sangiran 7-3; 7-9; 7-10; 7-37; 7-40 (casts) 
ATD6-18; ATD6-69; ATD6-103 (originals) 
Arago 9; 54 (casts) 
Sima de los Huesos: AT- l IOO; AT-16; 
AT-!96; AT-20; AT-207!; AT-26; AT-3!77; 
AT-587; AT-767; AT-772; AT-812 (originals) 
Pontnewydd: 4; 12 (casts) 
Steinheim (cast) 
Krapina: MxA; MxB; 100; 134; 136; 166; 171; (casts) 
Pinilla del Valle: PINlO (original) 
Kulna: Kulna 1 (cast) 
Le Moustier: Le Moustier 1 (cast) 
Saint Cesaire: SC; SC1 (casts) 
Sidr6n: SDR012 (cast) 
Tabllll: TB1 (Cl)  (cast) 
Mladec: Mladec 1 (cast) 
lebel Iroud (cast) 
Ahnonda (cast) 
Trou Magritte (cast) 
Abri Pataud: Pataud 1 (cast) 
Dolni Vestonice 13; 14; 15 (originals) 
Medieval modem human collection from Universidad Aut6noma de Madrid (originals) 
Environmental stresses may influence the development of 
the genetic pattern in both antimeres resulting in fluctuating 
asymmetry (Waddington, 1957). However, asymmetry in den­
tal morphology tends to be minor and does not imply hetero­
zygosity (Trinkaus, 1978; Scott and Turner, 1997). We 
randomly chose the left antimere for these analyses. In order 
to maximize sample sizes, when the left tooth was absent or 
when the landmarks were less clear, the right tooth was 
mirror-imaged with Adobe Photoshop@. Teeth with severe at­
tritional wear were not included. 
are an important number of dental morphological studies 
that have been successfully performed on 2D images of the 
teeth (Bailey, 2004; Bailey and Lynch, 2005; Martinon-Torres 
et aI., 2006; Perez et aI., 2006, among the most recent). 
Geometric morphometric methods 
Geometric morphometrics capture the spatial aspects of 
morphological variation of biological structures. Shape varia­
tion in morphological structures is captured by configurations 
of landmarks, which are points of correspondence between 
different objects that match between and within populations 
(Bookstein, 1991; O' Higgins, 2000; Zelditch et aI., 2004). 
Landmarks have both coordinates and a biological signifi­
cance (Bookstein, 1991). Generalized Procmstes superimpo­
sition (GPA; Sneath, 1967; Rohlf and Slice, 1990; Dryden 
and Mardia, 1998) produces a common consensus or mean 
configuration of the studied sample by iteratively minimizing 
the distances between corresponding landmarks using least­
squares methods, after translation, rotation, and scaling of 
the configurations. The results of the generalized Procrustes 
superimposition are scatters of corresponding landmarks 
(Procrustes shape coordinates) arOlll1d their means. The shape 
of a Procrustes registered landmark configuration is defined 
by the entirety of its residual coordinates (Zelditch et aI., 
2004). 
We used standardized occlusal surface pictures of the Ml. 
Images were taken with a Nikon ® D I H  digital camera fitted 
with an AF Micro-Nikon 105 mm, fl2.8D. The camera was at­
tached to a Kaiser Copy Stand Kit RS-l ® with grid baseboard, 
column, and adjustable camera arm, ensuring that the lens was 
parallel to the baseboard and the cementoenamel junction 
(CEl). For maximum depth of field, we used an aperture of 
f/32. The magnification ratio was adjusted to 1:1, and a scale 
was included and placed parallel to, and at the same distance 
from the lens as, the occlusal plane. 
Some authors have pointed to some problems that may de­
rive from working on 2D projections of 3D objects, such as the 
possible distortion of the original size and shape of the struc­
tures (FrieB, 2003) and the orientation of the photographed 
elements (Gharaibeh, 2005). Although, ideally, this type of 
study should be performed directly on 3D structures, there 
Thin-plate spline (TPS) provides another representation of 
the shape differences between two objects by a deformation 
of the first specimen into the second one. The total deforma­
tion between two particular specimens or between a specimen 
and the consensus configuration can be partitioned into a uni­
form and a non-lll1iforrn component. The uniform component 
affects the whole configuration of landmarks in the same 
manner such as is the case with shearing. The non-uniform 
component requires bending energy and contributes to the de­
formation of specific regions of the structure (Bookstein, 
1991). The properties of this bending energy can be used to 
derive a set of powerful shape descriptors, the partial warps 
plus the uniform component (Bookstein, 1989, 1991, 1996a; 
Rohlf, 1996). 
Finally, relative warps analysis (Bookstein, 1991) corre­
sponds to a principal components analysis of the partial 
warp scores and illustrates the main patterns of morphological 
variation. Given its similarity to principal components analy­
sis, relative warps are a useful tool for exploring variation, 
and they serve to reduce the total variation to a smaller number 
of independent dimensions (FrieB, 2003). Typically, the first 
few components (or relative warps) summarize most of the 
variation of a sample (FrieB, 2003). The relative warps analy­
sis was performed using TpsRelw software (Rohlf, 1998a). 
More detailed information about this method and its appli­
cations can be found in other texts (e.g., Bookstein, 1989, 
1991, 1996a; Rohlf and Slice, 1990; Rohlf, 1996; Bookstein 
et aI., 1999, 2003: Bastir et aI., 2004, 2005). 
Canonical variates analysis 
To better understand the variability of our sample we per­
formed a canonical variates analysis (CVA), appropriate to 
obtain an optical discrimination among groups relative to var­
iation within groups, in as much as the individuals can be or­
ganized in mutually exclusive groups (Zelditch et aI., 2004). 
This type of analysis is highly recommended in studies where 
the variation among individuals is high, since it maximizes in­
tergroup variability relative to intragroup variability (Albrecht, 
1980). 
In order to have a significant representation of the intragroup 
variability, the CV A was only performed for those groups with 
a sample size greater than ten (i.e., A. africanus, H. habilis s.l., 
H. heidelbergensis, H. neanderthalensis, and H. sapiens). The 
CVA was performed employing a generalization of Fisher' s lin­
ear discriminant function, to determinate a linear combination 
from the original variables which maximizes inter group vari­
ability (Mardia et aI., 1979). Since the CVA describes differ­
ences among groups, its results and interpretations may differ 
from those obtained with the PCA. In addition, CVA implies 
a rescaling and reorientation of the axis maximizing intergroup 
variance relati ve to intragroup variance (Zelditch et aI., 2004). 
We employed the TpsRegr software (Rohlf, 1998b) for multi­
variate regression of shape data on CV scores to visualize the 
shape associated to a given canonical axis. 
From the CV A, an assignment test was performed. With 
this test, each individual is assigned to one of the pre-
established groups, calculating the probability of the Mahala­
nobis distance between each individual and its group mean be­
ing lower than the expected distance under the null hypothesis 
of random variation (Zelditch et aI., 2004). This type of test is 
employed to evaluate the utility of the axis derived from the 
CV A, to discriminate and determine the affinity of the groups 
established a priori (Nolte and Sheets, 2005). 
Landmarks and semilandmarks 
As we mentioned above, landmarks are points of biological 
and geometric correspondence among specimens (Zelditch 
et aI., 2004). In 2D space they have two clear coordinates. Land­
marks should be chosen according to their utility in assessing 
morphological variability and their ease of identification for lo­
cation and relocation without error (Zelditch et aI., 2004 ).In this 
study, four landmarks were chosen on the occlusal surface ofM1 
(Biggerstaff, 1969), corresponding to the tips of the four main 
cusps (Fig. 1): landmark 1: tip of the mesiolingual cusp or pro­
tocone; landmark 2: tip of the mesiobuccal cusp or paracone; 
landmark 3: tip of the distobuccal cusp or metacone; and land­
mark 4: tip of the distolingual cusp or hypocone. 
The digitization of the landmarks was performed by A. G.-R. 
using the TpsDig software (Rohlf, 1998c). When using a cast, 
the tips of the main cusps were marked with soft pencil prior 
to photographing. "'When using an original or when permission 
to mark was denied, the tips of the main cusps were visually lo­
cated in the images while simultaneously examining the fossil. 
When the tooth showed little wear, the cusp tip was marked in 
the center of the wear facet. When mesial and/or distal borders 
of the teeth were affected by light interproximal wear, original 
borders were estimated by reference to overall cro\Vll shape and 
I 1,.1 1:1 I I: I II' I 
Fig. 1. TpsDig digitized image of a left upper first molar of H. heidelbergensis 
(SH) showing the fOlu landmarks: (1) protocone tip; (2) paracone tip; (3) meta­
cone tip; (4) hypocone tip; and the 30 semilandmarks (5 to 34) located at the 
intersection of the external outline and the fan lines. M = mesial, D = distal, 
B = buccal, L = lingual. 
Fig. 2. Sima de los Huesos right upper first molar corrected for interproximal 
wear. M = mesial, D = distal, B = buccal, L = lingual. 
the buccolingual extent of the wear facets (Fig. 2), following 
Wood and Engleman (1988) and Bailey (2004). 
The use of sliding semilandmarks was introduced by Book­
stein with the aim to use "landmarks for description of struc­
tures that lack true landmarks" (Bookstein, 1997; Bookstein 
et aI., 1999). Recently, they have been increasingly used in 
morphological studies (Mitteroecker et aI., 2004, 2005; Sheets 
et aI., 2004; Gunz et aI., 2005; Bastir et aI., 2006; Martinon­
Torres et aI., 2006; Perez et aI., 2006). Semilandmarks are par­
ticularly useful in dental studies, where relevant information 
such as asymmetry or contour shape (Wood et aI., 1983; 
Wood and Uytterschaut, 1987; Bailey and Lynch, 2005; 
Martinon-Torres et aI., 2006) cannot be defined by landmarks. 
For the assessment of the external outline of the M1s, we 
employed a set of 30 semilandmarks. Semilandmarks are char­
acterized by one well-defined coordinate on the curve and one 
arbitrary one. Therefore, they have been defined as "mathe­
matically deficient" to some degree (Bookstein, 1991, 
1997), but still useful to explore shape difference in structures 
which are not biologically significant (Adams et aI., 2004). 
"Sliding techniques" are employed to minimize the effects 
of the arbitrary location of the semilandmarks along the curve 
(Bookstein, 1996b, 1997; Bookstein et aI., 2002; Gunz et aI., 
2005). This technique extends the standard Procmstes super­
imposition method, sliding the points along the external curve 
until they correspond optimally to their equivalents in the con­
sensus configuration (Bookstein, 1997). The semilandmarks 
can be slid along tangents defined by neighboring semiland­
marks, either to minimize bending energy (Bookstein, 1997; 
Bookstein et aI., 2002, 2003; Mitteroecker et aI., 2004; Bastir 
et aI., 2006) or, as in this study, Procmstes distance (Rohlf, 
1998a). Sliding techniques help to minimize the arbitrary 
part of variation (Rohlf, 1998a). After the Procmstes fit, the 
semilandmarks are in comparable positions describing a ho­
mologous curve within the Procrustes superimposed sample 
(Bookstein, 1996b, 1997), and from that moment they can 
be statistically analyzed as true landmarks (Adams et aI., 
2004; Martinon-Torres et aI., 2006). The sliding technique 
provides nonarbitrary criteria (Zelditch et aI., 2004; Gunz 
et aI., 2005) and allows curves or outlines to be analyzed 
within the Procmstes scheme of shape analysis (Rohlf and 
Slice, 1990; Slice, 2001; Rohlf, 2003). However, it is impor­
tant to keep in mind that no standardized protocol has yet 
been developed for the use of sliding semilandmarks, and fur­
ther research needs to be done to address this issue (M:artin6n­
Torres et aI., 2006; Perez et aI., 2006). 
Based on the position of the four landmarks, the MakeFan6 
software (Sheets, 2001) localized a centroid, from which 30 
equiangular fan lines were drawn. Then, the semilandmarks 
were located at the intersection of the external outline of the 
M 1 and the fan lines. 
Allometry and internal/external shape correlation 
The centroid size is defined as the squared root of the sum 
of squared distances of a set of landmarks from their centroid 
and is a measure of scale (Zelditch et aI., 2004). The centroid 
of a configuration is its "gravity center", and its coordinates 
are the mean of all the landmarks' coordinates. Thus, the cen­
troid size is a measurement of the dispersion of the landmarks 
around the centroid (Zelditch et aI., 2004). 
To test for allometry, we used the TpsRegr software (Rohlf, 
1998b) to perform a multivariate regression analysis of partial 
warps and uniform components scores on centroid size. 
In order to better lll1derstand the ontogeny of shape varia­
tion, we tested the correlation between the internal and exter­
nal confignrations (determined by the landmarks and the 
semilandmarks conformation, respectively), that is, the influ­
ence that the cusps' size and location may have on the outline 
shape. For that purpose we used the TpsPLS software (Rohlf, 
1998d), employed to explore the relationships between the 
variation of two shapes or between one shape and a set of vari­
ables recorded from the same specimen, being especially inter­
ested in its ability to evaluate the covariation between two 
different configurations of points (Rohlf, 1998d). 
Statistical error, repeatability, and the use a/worn teeth 
To assess the possible measurement error tied to the digitiz­
ing process, the complete data recording procedure of a ran­
dom subsample of five specimens was repeated during two 
sets of five days (see Martinon-Torres et aI., 2006), separated 
by four months, in order to avoid an unrealistically low error 
due to a familiarization with the teeth during consecutive 
five days. TpsUtil software (Rohlf, 1998e) was used to ran­
domize the order of the data by the computer, and the first 
five specimens of the random data set were selected. This ran­
dom test-sample comprised four fossils (AT-2071, AT-I96, 
STS52, PINI0) and one modem human (MH-548). The com­
plete digitization process was repeated every day for every 
individual, obtaining ten Procrustes distances matrices. The 
accuracy of the digitization was analyzed by means of a Mantel 
test (Mantel, 1967), which measured the correlation among the 
Procrustes distances matrixes obtained during each day of 
measurement. 
The correlation among Procrustes matrices for each day of 
measurements has a mean value of 0.991, with values ranging 
between 0.975 and 0.999. The correlation mean value for the 
first and second sets of five days was 0.996 and 0.993, respec­
tively, with a slightly lower value for the interset comparisons 
(0.989). 
Ideally, this type of study should be performed on Ull­
worn teeth but this would drastically reduce the sample 
size, nearly precluding any significant analysis. Although 
teeth with severe attrition were not included, some of the 
analyzed teeth exhibit some wear. In order to test the error 
introduced by the analysis of teeth with moderate wear de­
gree, we performed a full factorial MANCOVA, employing 
the factor species, the factor dental wear, and the interaction 
between both variables as independent factors. We used as 
dependent variables the partial warps and the lll1iform com­
ponent scores. 
In these samples, three factor levels were used to categorize 
occlusal wear: (1) total absence of wear, (2) light wear, and (3) 
the maximum wear allowed. Six levels categorized the species 
factor: A. afarensis, A. africanus, H. habilis s.l., H. heidelber­
gensis, H. neanderthalensis, and H. sapiens. With this model, 
we assessed whether molar shape depends on the species, on 
the degree of wear of the analyzed sample, or on the degree 
of wear within each species. We tested the interaction between 
the wear degree and the species factors, to check how the 
inclusion of worn teeth may influence each subsample and 
the total sample. With this analysis we intend to avoid the 
potential influence of differential wear among species. For 
this reason, in these analyses we included only groups with 
a sample size large enough to perform statistical analysis 
when worn teeth are excluded. 
In general, the degree of wear does not significantly influ­
ence Ml morphology, either within or among species. Total 
shape does not depend on the degree of wear (F � 1.2333, 
p � 0.4044) nor on the degree of wear within a species 
(F � 1.1988, p � 0.1352). The model shows, however, that 
Table 2 
the total shape depends signficantly on the species factor 
(F � 2.4727, P � 0.0010). 
In addition to the previous test, we have performed a rela­
tive warps analysis carried out exclusively with the unworn 
specimens and the results are provided below. 
Results 
Relative warps analysis 
The relative warps analysis reveals that the first two princi­
pal components account for 40.2% of the total variation of the 
sample (PC!: 21.1 %; PC2: 19.0%). Table 2 displays the singu­
lar values and the percentage of the explained variance by 
each of the ten first principal components. 
Figure 3 illustrates the morphological variation of the Ml 
along the first two principal components. Specimens with neg­
ativePC1 values are characterized by an approximately squared 
occlusal polygon, with nearly right angles, and a regular exter­
nal contour. The distance between the protocone and the hypo­
cone is equal to or even lower than the distance between the 
paracone and the metacone. Specimens with positive PC1 
values are characterized by a relatively distal displacement of 
the lingual cusps, especially the hypocone, so that the angles 
formed at the hypocone and the paracone are more acute while 
those at the protocone and the metacone are more obtuse. This 
results in a skewed contour in which the hypocone causes 
a bulging of the external outline. Relative enlargement of the 
protocone-hypocone distance with regard to the paracone­
metacone distance can be observed in the TPS-grids. The rela­
tive lengthening of this distance can be measured by calculating 
the ratio between the paracone-metacone distance and the pro­
tocone-hypocone distance, showing significant variation 
among species ( p> 0.0000). Pliocene and early Pleistocene 
specimens display higher mean values for this proportion, 
thus reflecting a shorter protocone-hypocone distance (A. a/ar­
ensis: 0.83; A. africanus: 0.80; H. habilis s.l.: 0.78). The lowest 
mean values are displayed by the European groups (H. heidel­
bergensis: 0.71; H. neanderthalensis: 0.69) andH. sapiens pres­
ents an intermediate mean value (0.73). 
Positive loading on PC2 is associated with a slight displace­
ment of the occlusal polygon towards the distal face, whereas 
Relative warps (RW) analysis with the total sample and after removing worn specimens. The table displays the first ten principal components, the singular values, 
and the percentage of explained variance for both analyses 
No. 
2 
3 
4 
5 
6 
7 
8 
9 
10 
With worn molars 
Singular value 
0.24 
0.23 
0.22 
0.15 
0.14 
0.12 
0.10 
0.09 
0.08 
om 
% Explained variance % Cumulative variance 
21.14 21.14 
19.05 40.19 
17.63 57.82 
8.70 66.52 
7.32 73.84 
5.80 79.64 
3.95 83.59 
2.81 86.39 
2.38 88.77 
1.83 90.60 
Without worn molars 
Singular value % Explained variance % Cumulative variance 
0.20 22.34 22.34 
0.19 21.06 43.40 
0.17 17.83 61.23 
0.12 8.75 69.98 
0.10 6.30 76.28 
0.09 4.74 81.02 
0.08 4.14 85.15 
om 2.91 88.06 
0.06 2.03 90.09 
0.05 1.77 91.85 
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negative loading is associated with a buccal displacement and 
enlargement of the occlusal polygon, especially due to a more 
external location of the protocone. 
H. neanderthalensis and H. heidelbergensis plot mainly in 
the positive extreme of PC! axis (Fig. 3). Twelve of the four­
teen H. neanderthalensis specimens display positive values on 
PC!, and both specimens with negative PC! values are very 
close to zero. More than two-thirds of the H. heidelbergensis 
specimens (14 out of !6) exhibit positive values for PC!. 
Interestingly, the two H. heidelbergensis specimens with neg­
ative values on PCl are from Arago, whereas all the Ata­
puerca-SH specimens, as well as those from Pontnewydd 
and Steinheim, cluster together on the positive side of PC!. 
H. sapiens plot throughout the four quadrants but are absent 
from the positive extreme of the PCl axis and the negative ex­
treme of PC2. The H. sapiens specimens from several Euro­
pean Upper Paleolithic sites occupy the complete range of 
variation seen in H. sapiens for the PCl, and they have 
almost exclusively positive values for PC2. Clustered with 
H. heidelbergensis and H. neanderthalensis M1s, we find the 
three specimens assigned to H. antecessor. H. habilis sI spec­
imens are scattered mainly on the negative side of the PCl, 
with eight out of ten molars showing negative values for this 
PC. A. afarensis and A. africanus have mostly negative values 
for both principal components, and H. georgicus and A. ana­
mensis samples plot with negative loadings on both axes. 
Four out of the fi ve H. erectus specimens plot near the zero 
value of PC! and PC2 (matching the consensus shape of the 
sample), whereas H. ergaster occupy a wide range for PCl. 
The repetition of the relative warps analysis including exclu­
sively the lll1worn M1s showed the same distribution pattern 
(Table 2; Fig. 4). All the H. neanderthalensis molars take posi­
tive values for the PCl, with virtually no overlap with H. sapiens 
molars. The complete H. heidelbergensis sample is plotted on 
the positive side of PC!, with the exception of one Arago and 
one Atapuerca-SH individual. The H. sapiens sample displays 
almost the same distribution pattern in both analyses, with 
most specimens taking negative values for PCl, as is the case 
with the majority of the primitive specimens. With this analysis, 
the two unworn H. antecessor specimens cluster again with 
H. heidelbergensis andH. neanderthalensis in an exclusive area. 
The observation of the TPS-grids and an experimental rota­
tion of two specimens of extreme-morphology (LH3H and 
Kulna!) showed that PC2 retains a certain degree of relation 
with the orientation of the molars in the photographs, related 
to the mesiodistal turn of the molar. Although this distortion 
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Fig. 4. Projection of individual M1s crowns on PCl and PC2 after removing the worn molars. Specimens display essentially the same distribution as in the peA 
obtained after analysing the whole sample (llllworn and moderately worn specimens; see Fig. 3). 
is obviously not desirable, PC2 is the axis on which we do not 
find a clear distribution pattern for the specimens relative to 
species and, therefore, this distortion should have no influence 
on these results. 
Canonical variates analysis 
The CVA extracted four variables that explain the total var­
iation of the analyzed subsarnple (Table 3). Figure 5 represents 
the first two canonical variates, which explain 86.2% of the 
variation among groups relative to the variation within groups. 
Although the variability explained by the canonical variates 
(CV) does not necessarily fit the variability explained by the 
principal component analysis, in this case we can see that there 
is good correspondence between the TPS-grid conformations 
at the extremes of the CVl and the conformations at the ex­
tremes of the PC!. 
The positive loading on the CV!, along the x-axis, shows the 
distal displacement of the lingual cusps and. therefore. the pro­
trusion of the hypocone into the external contour and the inter­
nal displacement and reduction of the metacone described by 
Bailey (2004); whereas negative values correspond to a squared 
occlusal polygon with a regular and smooth contour. The CV2. 
along the y-axis, shows that positive loadings are related to 
a centered occlusal polygon and a slight distal displacement 
of the lingual cusps without the relative lengthening of the 
protocone-hypocone distance, whereas the negative extreme is 
characterized by a general expansion of the distal surface with­
out reduction of the metacone and a buccal displacement of an 
expanded occlusal polygon. 
Figure 5 shows certain overlap between the distribution of 
A. africanus and early Homo, both of which display exclu­
sively negative values for CVl. H. sapiens occupies an inter­
mediate position, with a similar proportion of individuals 
having positive and negative values on CVI, but with a large 
majority of positive values on CV2 (24 out of 32). Finally, H 
heidelbergensis and H. neanderthalensis display positive 
values for CVl. There is a considerable overlap between 
both species, although H neandertiwlensis tends to display 
higher positive values on CVl than does H. heidelbergensis. 
Table 4 displays the results of the assignment test. As we 
can see, for A. africanus the percentage of individuals that 
are correctly assigned is high. However, the percentage 
Table 3 
Canonical variates analysis (CVA). This table displays the fOlU fimctions 
obtained, their eigenvalues, and the percentage of explained variance 
Fllllction 
2 
3 
4 
Eigenvalue 
2.237 
0.658 
0.443 
0.022 
% Explained variance % Cumulative variance 
66.6 66.6 
19.6 86.2 
13.2 99.3 
0.7 100.0 
4 
N 
> 3 U 
2 A • ��.� : ' '. D '\ ."� \' • • "�" .y 
., r. • · w 
• • • 
·2 • • A. africanua • • ' . • • H. ;,Wi�$ oS. J, & 
... H. tleidelbetge� 
·3 6 H. neandeffhalensis ·6 ·5 ·4 ·3 ·2 ., D 2 3 4 H.�ns 
CV1 
Fig. 5. Canonical variates analysis. The plot displays the projection of the individuals depending on the two first canonical variates, and the TPS-grids show the 
different confonnations corresponding to the extreme of each canonical variates (see text for further explanation). 
correctly assigned to H. habilis sI, H. heidelbergensis, H. ne­
anderthalensis, and H. sapiens is moderate. In H. habilis sI 
this may reflect the fact that this group is an amalgamation 
of specimens based on their geographic and chronological 
proximity rather than their taxonomic distribution. Interest­
ingly, the majority of the incorrectly assigned H. heidelbergen­
sis specimens are assigned to the H. neanderthalensis group 
and vice-versa. This association emphasizes the morphologi­
cal similarity between these two groups, as does the principal 
component analysis. With regard to H. sapiens, ten specimens 
were rnisclassified, but just one of these was assigned to H. ne­
anderlhalensis, highlighting the morphological differences be­
tween these groups. 
Allometry and internal/external shape correlation 
In general, H. sapiens, H. neanderthalensis, and H. heidel­
bergensis species have smaller centroid sizes (3.17, 3.49, and 
Table 4 
Correct assignment percentage obtained in the assignment test based on the 
canonical variates analysis (CVA) 
% Correct assignment N 
A. africanus 90.0 n=lO 
H. habilis s.l. 80.0 n=lO 
H. heidelbergensis 50.0 n= 16 
H. neanderthalensis 78.6 n= 14 
H. sapiens 68.8 n=32 
3.39, respectively) than do the African Plio-Pleistocene spe­
cies (3.82 for A. a/arensis, 3.89 for A. a/ricanus, and 3.53 
for H. habilis) ( p  > 0.000). 
Although the regression analysis shows a very low correla­
tion between the first and second relative warps and centroid 
size (r � 0.097 with the first relative warp and r � 0.310 with 
the second), the regression analysis performed as a multivariate 
test predicting shape variation as a flll1ction of the centroid size 
(Rohlf, 1998b) revealed a slight but significant allometry 
( p  > 0.0000) that accounts for 3.02% of overall variation. 
Smaller molars show a slight tendency toward displaying a cen­
tered, compressed, and rhomboidal occlusal polygon, whereas 
larger molars tend to show an expanded occlusal polygon with 
a more squared shape and a relative displacement towards the 
mesiobuccal vertex (Fig. 6). 
The analysis of the covariation between the internal con­
formation (defined by the four cusp tip landmarks) and the 
external conformation (defined by the 30 semilandmarks) 
yields a correlation coefficient of 0.63, showing that both 
conformations are not independent. As mentioned before, 
when the four landmarks form a relatively squared occlusal 
polygon, the external outline tends to be regnlar and smooth 
without the protrusion of any cusp. The distal displacement of 
the hypocone that seems to characterize the H. heidelbergen­
sis and H. neanderthalensis individuals (Fig. 3) and the inter­
nal placement of the metacone described by Bailey (2004) are 
responsible of the distolingual protrusion in the external 
outline. 
small: CS = 2,75 medium: CS = 3,43 large: CS = 5,40 
Fig. 6. Morphological variants related to variation in centroid size. The ITS-grids show the theoretical transfonnation of the mean shape (central image) into 
a smaller (left) and a larger specimen (right). 
Discussion 
Ml morphology: phylogenetic and taxonomic utility 
Bailey (2004) pointed out the existence of a distinct mor­
phology in the M1s of H. neanderthalensis based on the com­
parison of the angles formed by adjacent cusps and relative 
cusp areas. With an enlarged horninin sample we can affirm 
that this morphology is not exclusive to H. neanderthalensis 
but is also present in the European early and middle Pleistocene 
populations. We can also show that the primitive pattern com­
bines an approximately squared occlusal polygon with a regular 
contour without any particular cusp protrusion. This is the pat­
tern developed by Australopithecus and early Homo species. 
The derived pattern, characteristic of H. heidelbergensis and 
H. neanderthalensis populations, is characterized by a rhom­
boidal occlusal polygon and a skewed external outline, with 
a bulging protrusion of the hypocone in the distolingual corner 
(Fig. 7). The correlation coefficient (0.63) obtained, demon­
strates that the cusp configuration influences the external con­
tour shape. 
The similarity between the Ml of European middle Pleisto­
cene populations and H. neanderthalensis is in accordance 
with other dental (Bermudez de Castro, 1987, 1988, 1993; 
Martin6n-Torres, 2006) and anatomical evidence (e.g., Hublin, 
1982, 1984, 1996; Stringer, 1985, 1993; Arsuaga et aI., 1993, 
1997). Our results support the idea that Ml shape is derived in 
H. neanderthalensis, as suggested by Bailey (2004), when 
compared to Australopithecus and early Homo species. How­
ever, this trait is not exclusive to Neandertals but is also char­
acteristic of the European middle Pleistocene populations such 
as those recovered from Atapuerca-Sima de los Huesos, Pont­
newydd, and Steinheim, although with less pronounced mor­
phologies in the latter. While previous studies were less 
conclusive in assessing the relationship between H. heidelber­
gensis and H. neanderthalensis (Bailey, 2000), the inclusion of 
the large dental sample from Atapuerca-Sima de los Huesos 
site, has been crucial to this conclusion. As we can see in 
the PCA and the CV A analyses, the Arago specimens display 
a slightly more primitive conformation than do the rest of the 
H. heidelbergensis and H. neanderthalensis groups, in accor­
dance with the "intermediate" dental morphology pointed 
out in previous studies (Bermudez de Castro et aI., 2003). Still, 
our study confirms that the Ml morphology of the European 
late early Pleistocene and middle Pleistocene populations 
was differentiated towards the Neanderthal lineage. 
Many dental traits, like other anatomical features, are highly 
variable within and between populations (Scott and Turner, 
1997), and they frequently show quasi-continuous variation 
(Griineberg, 1952). It is not easy to establish breakpoints of ex­
pression that apply to all species. In addition, it is difficult to 
find traits that are shared by all the members of a group and 
only by the members of that group. However, if a species oc­
cupies a morphospace in which only individuals of that species 
can be found, we can assume that specimens falling in that area 
probably belong to that particular group. The principal compo­
nents graph (Fig. 3) illustrates considerable overlap between 
species in the central area. However, on the right side of the 
graph we find an area in which only H. heidelbergensis and 
H. neanderthalensis specimens and three specimens assigned 
to H. antecessor can be found. Therefore, we could interpret 
this morphology as derived and typical of the European middle 
Pleistocene populations and H. neanderthalensis, and its origin 
can be traced back in the late early Pleistocene populations of 
Europe. This exclusive morphospace is also confirmed by the 
CVA analysis. As we can see in Fig. 5, H. heidelbergensis and 
H. neanderthalensis occupy an exclusive spectrum (the derived 
morphology), clearly differentiated from the African specimens 
distribution (the primitive morphology). H. sapiens occupies an 
intermediate position and shows considerable overlap with the 
African species, as we can see in the peA graph. 
The great similarity among the upper first molars of H. hei­
delbergensis and H. neanderthalensis is particularly striking 
taking into account the new ages of the Atapuerca-SH site, 
which have provided an average date of 600 kyr for the site 
with a minimun age of 530 kyr (Bischoff et aI., 2007). The 
Ml shape, along with many other dental traits (Bermudez de 
Castro, 1987, 1988, 1993; Martin6n-Torres, 2006; Martin6n­
Torres et aI., 2006) have demonstrated the unquestionable re­
lationship between the hominins of Atapuerca-SH and the late 
1 1 1 " " 1  
Fig. 7. Morphological comparison of three upper first molars, showing the primitive morphology of H. sapiens (squared occlusal polygon with regular outline) 
and the derivate morphology of H. neanderthalensis and H. heidelbergensis (skewed occlusal polygon -with a bulging hypocone that protrudes in the outline). 
(a) H. neanderthalensis (Krapina 100); (b) H. heidelbergensis (AT-20?1); (c) H. sapiens (Medieval modem human collection from San Nicolas, MlUcia, Spain). 
Pleistocene classic Neandertals (e.g., Arsuaga et aI., 1993, 
1997; Benmidez de Castro, 1993; Martin6n-Torres, 2006). 
The increasing evidence for the relationship between the Euro­
pean middle Pleistocene populations and H. neanderthalensis, 
together with the new Atapuerca-SH ages, compel us to recon­
sider the models of Neandertal origins. In this context, the 
Sirna de los Huesos sample will be crucial for understanding 
the evolutionary scenario of Europe during the middle Pleisto­
cene and the evolution of the Neandertals. 
As we can draw from the CVA and the assignment test, Ml 
morphology provides limited ability to correctly assign iso­
lated specimens from the Pliocene and early Pleistocene to 
their species. These species' distributions overlap by present­
ing a primitive occlusal pattern with a squared and wide occlu­
sal polygon together with a regular contour (Fig. 5). However, 
Ml morphology is a very useful marker for differentiating H. 
neanderthalensis from other hominin species, especially Homo 
saplens. This is particularly important to determining the tax­
onomic attribution of isolated specimens recovered from 
European late Pleistocene sites (Smith, 1976; Klein, 1999; 
Bailey, 2002, 2004; Harvati, 2003). 
Allometry 
Our analysis finds that there is a small but significant allo­
metric variation in Ml morphology that accounts for 3.02% of 
the observed variation. Larger molars tend to present more 
regular contours and more squared polygons, whereas smaller 
molars tend to display a centered, compressed, and rhomboi­
dal occlusal polygon (Fig. 6). 
Given that larger molars usually belong to more primitive 
species (Bermudez de Castro and Nicolas, 1995), it could be hy­
pothesized that the reduction of Ml size in later Homo species 
was accompanied by a relative shortening of the protocone­
metacone axis. However, this allometric effect is very small, 
so it cannot be considered responsible for the morphological 
variation. Despite the small centroid size in modem species 
(H. sapiens, H. neanderthalensis, and H. heidelbergensis), the 
fact thatH. sapiens tends to overlap with more primitive speci­
mens in its general Ml morphology prevents us from identifying 
an allometric factor as responsible for H. heidelbergensis and 
H. neanderthalensis morphology. 
Evolutionary inferences 
It is difficult to assess whether this characteristic Neander­
tal molar shape reflects any advantage or environmental adap­
tation. Although we are inclined to think that the particular 
upper first molar shape of Neandertals is the result of genetic 
drift, other factors may be at work. H. neanderthalensis facial 
morphology has been cited as derived in this species relative to 
the primitive morphology attributed to the earlier Homo spe­
cies (Rak, 1986), and changes in the architectural facial 
conformation have been associated with changes in the masti­
catory apparatus and biomechanical questions (Hylander and 
Johnson, 1992; O' Connor et aI., 2004). We hypothesize that 
the relatively distal displacement of the lingual cusps could 
be related to changes in dental occlusion that are correlated 
with the facial changes. 
Geometric morphometric analyses of P 4 morphology have 
confirmed that H. heidelbergensis and H. neanderthalensis 
have fixed plesiomorphic traits in high percentages, whereas 
modem humans have developed a derived pattern (M:artinon­
Torres et ai., 2006). In contrast, this study reveals that H. hei­
delbergensis and H. neanderthalensis presents the derived 
pattern for the Ml and H. sapiens retains the primitive condi­
tion. The differences in the evolutionary tendency of P 4 and 
Ml might illustrate a process of mosaic evolution in which dif­
ferent skeletal parts change at different evolutionary paces. It 
is important to take this into account when drawing evolution­
ary conclusions from isolated remains. 
Conclusions 
Through the application of geometric morphometric 
methods to a large sample of African and European Pliocene 
and Pleistocene specimens, we have verified that H. neander­
thalensis Ml morphology is derived relative to Australopithe­
cus and early Homo specimens. This derived morphology 
consists of a rhomboidal occlusal polygon in which lingual 
cusps are distally displaced and the hypocone protrudes in 
the external outline. In contrast, H. sapiens retains the primitive 
shape, with an approximately squared occlusal polygon and 
a regular contour in which no cusp protrudes in the external 
outline. In addition, we have demonstrated that this derived 
morphology is not exclusive to H. neanderthalensis but is al­
ready present in the European early Pleistocene populations 
and is characteristic of middle Pleistocene populations (H. hei­
delbergensis). The morphological differences in Ml shape be­
tween H. sapiens and H. heidelbergensislH. neanderthalensis 
can be useful for the taxonomic assignment of isolated late 
Pleistocene remains. This paper emphasizes the ability of geo­
metric morphometric techniques to precisely assess morpho­
logical differences among species. Given the enormous 
potential of this methodology, future studies should explore 
other dental classes, searching for taxonomic and 
phylogenetic signals. In addition, the results of this type of 
analyses will be improved by their application to 3D conforma­
tions, avoiding in this way possible complications derived from 
the analysis of 2D images. 
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